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1. INTRODUCTION 
This report is part of Task 3.2: General Control Algorithms, which includes the specification of control strategies, 
definition of test cases, implementation of control strategies and test cases, and stability assessment and tuning 
of controllers. 
 
This document covers the assessment of the capabilities of offshore wind farms (offshore WFs, OWFs) to con-
tribute in the provision of ancillary services to onshore alternating-current (AC) networks by means of active power 
modulation, when connected through high-voltage direct-current (HVDC) links having diode rectifier (DR) offshore 
terminals and voltage source converter (VSC) onshore terminals. In doing so, the compatibility of corresponding 
higher-level controls previously devised for VSC-HVDC-connected OWFs is examined. Through such controls, 
the OWFs modify their active power output according to the onshore signals directly communicated to them, to 
contribute in the provision of onshore frequency support or onshore power oscillation damping. Other ancillary 
services to onshore AC networks1 are out of the scope of this document, as they are provided by the (HVDC) 
onshore terminals mainly and/or they are not relevant in the studied system. Such services and any contribution 
of the onshore terminals in the provision of the studied services are left to be considered in Work Package 2, as 
are also the impact and benefit of the studied services on the onshore synchronous area stability. 
 
The document is organised as follows. In Section 2, the investigated system is described, the studied services 
and main control algorithms are detailed, and the three different wind turbine (WT) overloading methods are 
explained. In Section 3, the considered cases are described, and corresponding simulation results are presented 
and discussed. Finally, concluding remarks and recommendations for future work are made in Section 4. 
                                                          
1 such as reactive power/voltage control/support, avoiding loss of synchronism, black start and restoration, DC transmission 
reserve, and DC power flow control 
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2. MODELLING AND CONTROL 
A simplified block diagram of the OWF (group) functionality is shown in Figure 2-1. The developed controls for 
the OWF (group) to contribute in the provision of ancillary services to an onshore AC network are based on the 
OWF active power controls developed in [L. Zeni 2015; J. N. Sakamuri et al. 2017] for OWFs connected to HVDC 
via VSCs. In normal operation mode (DR configuration with continuous conduction), an OWF (group) contributes 
in the provision of ancillary services to the onshore AC network by means of its active power control subsystem, 
which modifies, amongst others, the value of its active power reference input [PROMOTioN 2017; PROMOTioN 
2016; L. Zeni 2015]. 
 
Active power reference signals are then dispatched to each WT, 𝑃𝑃WT,𝑖𝑖∗ , taking into account their available active 
power, 𝑃𝑃ava,WT,𝑖𝑖, while ensuring that gain and phase shifts caused by the WT controllers are cancelled out, that 
the requirements for normal operation are fulfilled (e.g., offshore frequency and voltage maintained within their 
required operational ranges), and that the overall OWF (group) response is as required. The studied schemes 
rely on the direct communication of the necessary onshore measurements by means of signals sent by the coor-
dinator of the OWF (group) and offshore transmission system (OWF-OTS coordinator) or the system operator. 
The study of the actual capability of the OWF (group) to provide such services has been prioritised over e.g., the 
study of their impact and benefit on the onshore synchronous area stability [PROMOTioN 2017; PROMOTioN 
2016; L. Zeni 2015]. 
 
Figure 2-2 shows an overview of the investigated system and of the associated control structure. The system is 
comprised of an OWF connected to an onshore AC network by means of a monopolar HVDC link and is based 
on those studied in [R. M. Blasco-Giménez et al. 2011; S. I. Bernal-Pérez 2015; S. I. Bernal-Pérez et al. 2015]. 
Balanced/symmetric operation has been assumed. The WF is modelled as an aggregated type-4 (full-converter) 
WT. Its DC link dynamics have not been considered, and the corresponding voltage have thus been assumed 
constant (ideally regulated). The front-end VSC injects the WT/WF output active power, 𝑃𝑃 = 𝑃𝑃WT, into the offshore 
AC network through the WT step-up transformer, TW. 
  
Figure 2-1: Simplified block diagram of the OWF (group) functionality for providing ancillary services to an onshore AC network 
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The HVDC offshore terminal is modelled as a diode-based (uncontrolled) 12-pulse rectifier (diode rectifier, DR), 
with corresponding reactive power compensation, 𝐶𝐶F, and filter bank, 𝑍𝑍FR, on its AC side. The submarine cables 
connecting the HVDC terminals are modelled using the equivalent T circuit. The HVDC onshore terminal consists 
of a VSC, which controls the voltage on its DC terminals, 𝑈𝑈Idc, and the reactive power injected to the onshore AC 
network, 𝑄𝑄I . 
 
To study the capability of the WT/WF to provide ancillary services to the onshore AC network, the model has been 
extended to include the OWF active power control based on the controls proposed in [L. Zeni 2015; J. N. Sakamuri 
et al. 2017] for OWFs connected to HVDC via VSCs. 
 
For the onshore frequency support (FS) studies, the onshore AC network is modelled as a lumped three-phase 
synchronous generator (SG) with its turbine, governor, exciter and automatic voltage regulator (AVR), and a 
lumped three-phase load, as depicted in the left side of Figure 2-3. In such system, wind energy represents 25% 
of the total installed capacity (i.e., the OWF is rated at 400 MW, in a 1600 MW system). For the onshore power 
oscillation damping (POD) studies, the onshore AC network is extended to also include—at the HVDC onshore 
terminal’s point of connection with the onshore AC network (PCC)—a connection to an infinite bus through a 
transmission line, as illustrated in the right side of Figure 2-3. No delays have been considered in the communi-
cation of the relevant onshore signals to the OWF.2 
 
                                                          
2 Communication delays and more detailed onshore AC network models should be considered, however, when analysing the 
impact and benefit of the studied services on the onshore synchronous area stability (out of the scope of this document). 
Figure 2-2: Overview of the investigated system and control structure 
Figure 2-3: Onshore AC network models for onshore FS (left) and POD (right) studies 
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Switching effects and any delay due to the implementation of the pulse-width modulation (PWM) have been ne-
glected, and ideal average models have been used for the VSCs. Moreover, the PWM has been assumed to be 
done in the linear range, and the VSC filter dynamics have not been considered. All components have been 
assumed to be sized/designed considering the overloading capabilities required to provide the studied ancillary 
services. 
 
2.1. ONSHORE FREQUENCY SUPPORT 
A simplified block diagram of the OWF (group) functionality for providing onshore FS is presented in Figure 2-4. 
The onshore frequency, 𝑓𝑓on, is calculated from the alternating voltage measured at the PCC and is communicated 
continuously to the OWF (group). The OWF (group) decreases its active power output upon detecting a significant 
onshore frequency increase. Additional active power is necessary for the OWF (group) to increase its active power 
output upon detecting an onshore frequency decrease. Such additional power can be made available by preven-
tively operating the OWF (group) constantly curtailed. Moreover, some additional boosting active power can be 
extracted for a relatively short period of time, from the kinetic energy stored in the rotating masses of the WT rotor 
and drive train systems, at the expense of the active power output dropping below its pre-boost value afterwards 
[PROMOTioN 2017; PROMOTioN 2016; G. C. Tarnowski 2011].  
 
Two kinds of frequency response have been considered: primary frequency response (PFR) and fast frequency 
response (FFR). The PFR is based on an active-power-frequency droop, with the reserves from preventively 
curtailed operation considered as the source of additional active power during onshore under-frequency events. 
Based on the rate of change of the frequency deviation, the FFR is meant to contribute to the stabilisation of the 
onshore AC networks during the first stage of large frequency excursions. The kinetic energy stored in the rotating 
masses of the WT rotor and drive train systems has been considered as the main source of additional power/en-
ergy for such response during onshore underfrequency events [PROMOTioN 2017; L. Zeni 2015; G. C. Tarnowski 
2011]. 
 
Figure 2-4: Simplified block diagram of the OWF (group) functionality for providing onshore frequency support 
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Based on the controls proposed in [L. Zeni 2015; J. N. Sakamuri et al. 2017] for OWFs connected to HVDC via 
VSCs, the OWF (group) active power control model shown in Figure 2-5 is used to study the capability of the 
WT/WF to provide FS to the onshore AC network. In the right side of Figure 2-5, a PI regulator controls the OWF 
(group) active power output, 𝑃𝑃, which is—in the studied system—equal to 𝑃𝑃WT. A first-order low-pass filter (LPF) 
is applied to the corresponding measurement signal. Physical and control limits (e.g., those imposed by the WTs) 
are modelled by means of corresponding restrictions on the regulator’s output value and its rate of change. 𝑃𝑃 can 
be controlled to follow the OWF (group) active power reference, 𝑃𝑃∗, which is normally equal to or lower than the 
aerodynamic power available from the wind, 𝑃𝑃ava(𝑣𝑣), i.e., 𝑃𝑃� = 𝑃𝑃∗ ≤ 𝑃𝑃ava(𝑣𝑣). 
 
An internal aggregated model of the OWF (group), shown in the top-left area of Figure 2-5, is included to represent 
the WT rotor dynamics relevant to the study of FS from WFs and the overloading of the WTs. It is based on those 
used in [J. N. Sakamuri et al. 2017; A. D. Hansen et al. 2014; G. Rousi 2013] and consists mainly of an aerody-
namic model, a mechanical model, a pitch control model and a maximum power point tracking (MPPT) look-up 
table. 
 
If the OWF (group) is not required to curtail its production, its WTs follow their normal production characteristic 
(MPPT curve) i.e., 𝑃𝑃� = 𝑃𝑃MPPT�𝜔𝜔gen�. While operating on such curve, the WT aerodynamic efficiency is optimal for 
wind speeds lower than the nominal one, 𝑣𝑣 < 1 pu, the pitch control is inactive and the WTs operate at a constant 
zero pitch angle, 𝜃𝜃 = 0. For higher wind speeds, the WTs run at rated power, and the pitch controller keeps the 
WT generator rotational speed, 𝜔𝜔gen, at its nominal value [A. D. Hansen et al. 2014] i.e., 𝑃𝑃MPPT�𝜔𝜔gen = 1 pu� =1 pu. When the OWF (group) curtails its production, 𝑃𝑃� = 𝑃𝑃∗ < 𝑃𝑃aero = 𝑃𝑃ava(𝑣𝑣), the power imbalance, 𝑃𝑃aero > 𝑃𝑃, 
Figure 2-5: OWF (group) active power control model for onshore frequency support studies 
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causes the WT rotors to accelerate until 𝜔𝜔gen reaches 1 pu. To maintain 𝜔𝜔gen = 1 pu, the pitch control then in-
creases 𝜃𝜃 (i.e., pitches the WT blades), which decreases the aerodynamic/mechanical power, 𝑃𝑃aero, until power 
balance is restored, 𝑃𝑃aero = 𝑃𝑃 < 𝑃𝑃MPPT = 1 pu. 
 
To provide FS to the onshore AC network, the base active power reference, 𝑃𝑃base, is modified, as shown at the 
bottom of Figure 2-5, by means of an additional active power reference, ∆𝑃𝑃FS, based on the onshore frequency, 
𝑓𝑓on, which is communicated continuously to the WF (group) i.e., 𝑃𝑃� = 𝑃𝑃base + ∆𝑃𝑃FS(𝑓𝑓on). PFR is implemented by 
including in ∆𝑃𝑃FS a component, ∆𝑃𝑃PFR, proportional to the deviation of 𝑓𝑓on from its nominal/reference value, 𝑓𝑓on∗ =1 pu, calculated using a (piecewise-defined) frequency-active-power droop characteristic based on the one shown 
in Figure 2-6. Moreover, a component, ∆𝑃𝑃FFR, proportional to the rate of change of such deviation, d𝑓𝑓on d𝑡𝑡⁄ , is 
added to provide FFR. 
 
In order to extract kinetic energy from their rotating masses, WTs are overloaded when providing FFR during 
onshore under-frequency events. During overloading, 𝑃𝑃� = 𝑃𝑃base + ∆𝑃𝑃FS > 𝑃𝑃aero ≤ 𝑃𝑃ava(𝑣𝑣), the power imbalance, 
𝑃𝑃aero < 𝑃𝑃, causes the WT rotors to decelerate (𝜔𝜔gen decreases), which results in 𝑃𝑃MPPT also decreasing. After 
releasing the overloading, the WTs are allowed to recover their speed by operating on the MPPT curve, 𝑃𝑃� =
𝑃𝑃MPPT ≤ 𝑃𝑃aero, until 𝑃𝑃 = 𝑃𝑃aero = 𝑃𝑃∗ + ∆𝑃𝑃FS. 
 
Three WT overloading methods have been considered, based on three different approaches to setting 𝑃𝑃base during 
overloading (inputs to the selection switch in the left side of Figure 2-5), as illustrated in Figure 2-7. In the External 
MPPT Method, 𝑃𝑃base is fixed at the (frozen) value of 𝑃𝑃MPPT just before the start of the overloading, 𝑃𝑃base = 𝑃𝑃MPPT0. 
In the Internal Method, the WT dynamics are considered during overloading by having 𝑃𝑃base = 𝑃𝑃MPPT, resulting in 
a smaller decrease in 𝑃𝑃 and a faster recovery (shorter recovery period, 𝑇𝑇rec) after releasing the overloading [J. N. 
Sakamuri et al. 2017; S. Wachtel and A. Beekmann 2009]. In the External Reference Method, 𝑃𝑃base is set exter-
nally,  𝑃𝑃base = 𝑃𝑃∗, and can thus be set to e.g., a constant value of less than 𝑃𝑃MPPT0 = 1 pu in the case of preventively 
curtailed production [O. Saborío-Romano et al. 2017].  
Figure 2-6: OWF PFR capability to onshore frequency changes (droop) [PROMOTioN 2016] 
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2.2. ONSHORE POWER OSCILLATION DAMPING 
A simplified block diagram of the OWF (group) functionality for providing onshore POD is shown in Figure 2-8. 
The power through the transmission line onshore, 𝑃𝑃on, is calculated from the alternating voltage and current meas-
ured at the PCC and is monitored by the OWF-OTS coordinator and/or the system operator. When onshore power 
oscillations are detected, a corresponding signal, ∆𝑃𝑃on, is generated and sent to the OWF (group), together with 
the activation of a flag, 𝐹𝐹POD, which switches the OWF (group) controller to the POD control mode. In such mode, 
the OWF (group) modulates its active power output so as to produce damping torque: an electrical torque com-
ponent in phase with the SG’s speed deviation, ∆𝜔𝜔SG, increasing the decay rate of the oscillations as a result 
[PROMOTioN 2017; PROMOTioN 2016; L. Zeni 2015]. 
Figure 2-7: Wind turbine overloading methods; 𝑃𝑃� = 𝑃𝑃base + Δ𝑃𝑃FS 
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Based on the controls proposed in [L. Zeni 2015] for OWFs connected to HVDC via VSCs, the OWF (group) active 
power control model shown in Figure 2-9 is used to study the capability of the WT/WF to provide onshore POD. 
The PI regulator and LPF correspond to those in Figure 2-5. Following the activation of 𝐹𝐹POD, the controller 
switches to POD control mode: the PI regulator’s output (control) signal is frozen and an additional oscillatory 
damping active power reference, ∆𝑃𝑃POD, is superimposed, based on the onshore power oscillation signal, ∆𝑃𝑃on, 
sent to the OWF (group), 𝑃𝑃WT∗ = 𝑃𝑃WT0∗ + ∆𝑃𝑃POD(∆𝑃𝑃on). The corresponding lead compensator provides the necessary 
phase shift (around 90°) to align ∆𝑃𝑃POD with ∆𝜔𝜔SG (and thus with the damping torque). Since ∆𝑃𝑃POD does not entail 
an additional net energy delivery to the onshore AC network, no preventively curtailed operation has been con-
sidered in the corresponding studies. The WTs are thus briefly overloaded (with the External Reference Method) 
during the positive semi-period of ∆𝑃𝑃POD and recover their speed during its negative semi-period [L. Zeni 2015; S. 
Goumalatsos 2014]. 
 
 
Since the restrictions on the PI regulator’s output (control) signal are also bypassed, the same restrictions are 
imposed on the value of 𝑃𝑃WT∗ . In POD control mode, however, the restrictions on its rate of change, d𝑃𝑃WT∗ d𝑡𝑡⁄ , are 
considered to be less stringent than those usually imposed by the WTs, which may be necessary if POD is to be 
provided with a certain minimum performance [L. Zeni 2015]. 
 
Figure 2-8: Simplified block diagram of the OWF (group) functionality for providing onshore power oscillation damping 
Figure 2-9: OWF (group) active power control model for onshore power oscillation damping studies 
PROJECT REPORT. Deliverable 3.5: Performance of ancillary services provision from WFs connected to DR-HVDC 
 
  
   
    
 
10 
3. SIMULATION RESULTS 
Results of the performed electromagnetic transient (EMT) simulations are presented in this chapter. The simula-
tion cases are summarised in Table 3-1. Each figure presents results of a simulation case, including a base 
subcase response corresponding to no provision of ancillary services from the OWF to the onshore AC network. 
The OWF active power reference, 𝑃𝑃∗, the wind speed, 𝑣𝑣, and thus the (total) available aerodynamic power, 
𝑃𝑃ava(𝑣𝑣), have been considered constant throughout each simulation case. 
 
Table 3-1: Simulation cases 
Case Onshore Event Production Wind 𝑷𝑷ava(𝒗𝒗) 𝑷𝑷∗ Figure 
1 Over-frequency Normal Low 0.1 pu 0.1 pu Figure 3-1 
2 Over-frequency Curtailed Low 0.2 pu 0.1 pu Figure 3-2 
3 Over-frequency Normal Medium 0.5 pu 0.5 pu Figure 3-3 
4 Over-frequency Curtailed Medium 0.6 pu 0.5 pu Figure 3-4 
5 Over-frequency Normal High 1 pu 1 pu Figure 3-5 
6 Over-frequency Curtailed High 1 pu 0.9 pu Figure 3-6 
7 Under-frequency Normal Low 0.1 pu 0.1 pu Figure 3-7 
8 Under-frequency Normal Medium 0.5 pu 0.5 pu Figure 3-8 
9 Under-frequency Normal High 1 pu 1 pu Figure 3-9 
10 Under-frequency Curtailed Low 0.2 pu 0.1 pu Figure 3-10 
11 Under-frequency Curtailed Medium 0.6 pu 0.5 pu Figure 3-11 
12 Under-frequency Curtailed High 1 pu 0.9 pu Figure 3-12 
13 Power Oscillation Normal Low 0.1 pu 0.1 pu Figure 3-13 
14 Power Oscillation Normal Medium 0.5 pu 0.5 pu Figure 3-14 
15 Power Oscillation Normal High 1 pu 1 pu Figure 3-15 
 
3.1. ONSHORE FREQUENCY SUPPORT 
Frequency events are simulated by means of 15% load step changes (i.e., ± 240 MW 1600 MW⁄ ) at 𝑡𝑡 = 0.5 s. 
Each figure includes a base subcase response, corresponding to no FS from the OWF to the onshore AC network 
(i.e., the frequency response consisting solely of that of the lumped SG onshore), and relevant simulation sub-
cases. The simulation subcases are summarised in Table 3-2. As can be seen in all figures, the frequency re-
sponse can be improved by having the OWF modulate 𝑃𝑃 in response to an onshore frequency event. 
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Table 3-2: Frequency support simulation subcases 
Sub-
case 
Prod. PFR FFR 
WT Overloading 𝑷𝑷�(𝒕𝒕) 
(𝟎𝟎. 𝟓𝟓s < 𝒕𝒕 < 𝟏𝟏𝟏𝟏s) 𝟎𝟎. 𝟓𝟓s < 𝒕𝒕 < 𝟏𝟏𝟏𝟏s 𝒕𝒕 ≥ 𝟏𝟏𝟏𝟏s 
CBase Curtailed No No No 𝑃𝑃∗(𝒕𝒕) 
CF Curtailed No Yes No 𝑃𝑃∗(𝒕𝒕) + ∆𝑃𝑃FFR(𝒕𝒕) ≡ 𝑃𝑃�A(𝑡𝑡) 
CP Curtailed Yes No No 𝑃𝑃∗(𝒕𝒕) + ∆𝑃𝑃PFR(𝒕𝒕) 
CPF Curtailed Yes Yes No 𝑃𝑃�A(𝑡𝑡) + ∆𝑃𝑃PFR ≡ 𝑃𝑃∗(𝒕𝒕) + ∆𝑃𝑃FS(𝒕𝒕) ≡ 𝑃𝑃�B(𝑡𝑡) 
CPFE-
MPPT 
Curtailed Yes Yes 
External MPPT 
Method 
𝑃𝑃MPPT(0.5s) + ∆𝑃𝑃FS(𝒕𝒕) min�𝑃𝑃MPPT(𝑡𝑡) , 𝑃𝑃�B(𝑡𝑡)� 
CPFE-
Ref 
Curtailed Yes Yes 
External Refer-
ence Method 
𝑃𝑃�B(𝑡𝑡) min�𝑃𝑃MPPT(𝑡𝑡) , 𝑃𝑃�B(𝑡𝑡)� 
CPFI Curtailed Yes Yes Internal Method 𝑃𝑃MPPT(𝑡𝑡) + ∆𝑃𝑃FS(𝒕𝒕) min�𝑃𝑃MPPT(𝑡𝑡) , 𝑃𝑃�B(𝑡𝑡)� 
NBase Normal No No No 𝑃𝑃∗(𝒕𝒕) 
NF Normal No Yes No 𝑃𝑃∗(𝒕𝒕) + ∆𝑃𝑃FFR(𝒕𝒕) 
NFE-
MPPT 
Normal No Yes 
External MPPT 
Method 
𝑃𝑃MPPT(0.5s) + ∆𝑃𝑃FFR(𝒕𝒕) min�𝑃𝑃MPPT(𝑡𝑡) , 𝑃𝑃�A(𝑡𝑡)� 
NFI Normal No Yes Internal Method 𝑃𝑃MPPT(𝑡𝑡) + ∆𝑃𝑃FFR(𝒕𝒕) min�𝑃𝑃MPPT(𝑡𝑡) , 𝑃𝑃�A(𝑡𝑡)� 
NP Normal Yes No No 𝑃𝑃∗(𝒕𝒕) + ∆𝑃𝑃PFR(𝒕𝒕) 
NPF Normal Yes Yes No 𝑃𝑃�B(𝑡𝑡) 
NPFE-
MPPT 
Normal Yes Yes 
External MPPT 
Method 
𝑃𝑃MPPT(0.5s) + ∆𝑃𝑃FS(𝒕𝒕) min�𝑃𝑃MPPT(𝑡𝑡) , 𝑃𝑃�B(𝑡𝑡)� 
 
 
3.1.1 ONSHORE OVER-FREQUENCY EVENT 
The OWF’s response to an onshore over-frequency event is shown in Figure 3-2 and Figure 3-1 for low wind 
speed, Figure 3-4 and Figure 3-3 for medium wind speed, and Figure 3-6 and Figure 3-5 for high wind speed. 
Figure 3-2, Figure 3-4 and Figure 3-6 correspond to the initial condition of normal (maximum) OWF production, 
𝑃𝑃0 = 𝑃𝑃0∗ = 𝑃𝑃ava= 𝑃𝑃MPPT0. Figure 3-1, Figure 3-3 and Figure 3-5 correspond to the initial condition of preventively 
curtailed OWF production to provide active power reserves of 10%, 𝑃𝑃0 = 𝑃𝑃0∗ = 𝑃𝑃ava − 0.1 pu ⇒ 𝜔𝜔gen0 =1 pu = 𝑃𝑃MPPT0. The grey and red signals in each figure represent the base subcase, NBase/CBase, and the subcase 
with the OWF providing PFR only, NP/CP, respectively. The orange curves in each figure represent the subcase 
with the OWF providing FFR only, NF/CF, while the black signals represent the provision of both PFR and FFR, NPF/CPF. In providing onshore FS, the OWF reduces 𝑃𝑃 in response to the onshore over-frequency event. Since 
no additional power is needed, the WTs are not overloaded.  
 
The OWF’s PFR reduces 𝑓𝑓on and maintains it at a lower value, as depicted in NP/CP, also reducing the frequency 
zenith as a consequence. However, the decrease in 𝑃𝑃 at low wind speed is restricted by the minimum production 
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limit, 𝑃𝑃 ≤ 2.5%, imposed by the non-linear properties of the DR [PROMOTioN 2017], as shown in Figure 3-2 and 
Figure 3-1. The power imbalance, 𝑃𝑃aero > 𝑃𝑃, causes the WT rotors to accelerate until 𝜔𝜔gen reaches 1 pu. To main-
tain 𝜔𝜔gen = 1 pu, the pitch control then increases 𝜃𝜃 (i.e., pitches the WT blades), which decreases 𝑃𝑃aero, until power 
balance is restored, 𝑃𝑃aero = 𝑃𝑃 < 𝑃𝑃MPPT = 1 pu. 
 
The FFR reduces the rate of change of frequency (ROCOF) just after the event, also reducing the frequency 
zenith as a consequence, as illustrated in NF/CF. Nevertheless, the constraints imposed on the rate of change of 
the WT active power references, −0.1 pu ≤ d𝑃𝑃WT∗ d𝑡𝑡⁄ ≤ 0.1 pu, limit the speed of such response and thus the cor-
responding improvement in the onshore FS. To further improve the frequency response, both PFR and FFR can 
be combined, and the restriction d𝑃𝑃WT∗ d𝑡𝑡⁄ ≤ 0 can be briefly applied following the frequency zenith, on which d𝑓𝑓on d𝑡𝑡⁄  changes sign, as depicted in NPF/CPF. 
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Figure 3-1: Case 1 – OWF’s response to an onshore over-frequency event (𝑡𝑡 = 0.5s) at low wind speed –  
No Reserves – NBase: 𝑃𝑃� = 𝑃𝑃∗, NP: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR , NF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃FFR , NPF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR 
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Figure 3-2: Case 2 – OWF’s response to an onshore over-frequency event (𝑡𝑡 = 0.5s) at low wind speed –  
Reserves: 10% – CBase: 𝑃𝑃� = 𝑃𝑃∗, CP: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR , CF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃FFR , CPF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR 
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Figure 3-3: Case 3 – OWF’s response to an onshore over-frequency event (𝑡𝑡 = 0.5s) at medium wind speed –  
No Reserves – NBase: 𝑃𝑃� = 𝑃𝑃∗, NP: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR , NF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃FFR , NPF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR 
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Figure 3-4: Case 4 – OWF’s response to an onshore over-frequency event (𝑡𝑡 = 0.5s) at medium wind speed –  
Reserves: 10% – CBase: 𝑃𝑃� = 𝑃𝑃∗, CP: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR , CF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃FFR , CPF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR 
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Figure 3-5: Case 5 – OWF’s response to an onshore over-frequency event (𝑡𝑡 = 0.5s) at high wind speed –  
No Reserves – NBase: 𝑃𝑃� = 𝑃𝑃∗, NP: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR , NF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃FFR , NPF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR 
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Figure 3-6: Case 6 – OWF’s response to an onshore over-frequency event (𝑡𝑡 = 0.5s) at high wind speed –  
Reserves: 10% – CBase: 𝑃𝑃� = 𝑃𝑃∗, CP: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR , CF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃FFR , CPF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR 
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3.1.2 ONSHORE UNDER-FREQUENCY EVENT 
In providing onshore FS, the OWF increases 𝑃𝑃 in response to the onshore under-frequency event, for which 
additional active power is necessary. Such additional power can be made available by preventively operating the 
OWF constantly curtailed. Moreover, some additional boosting active power can be extracted for a relatively short 
period of time, from the kinetic energy stored in the rotating masses of the WT rotor and drive train systems, at 
the expense of the active power output dropping below its pre-boost value afterwards. In all cases with WT over-
loading, the overloading is released at 𝑡𝑡 =  13 s. The corresponding simulation results are presented and dis-
cussed in Section 3.1.2.1 and Section 3.1.2.2, for normal and preventively curtailed production, respectively. 
 
3.1.2.1 NORMAL PRODUCTION 
The OWF’s response to an onshore under-frequency event is illustrated in Figure 3-8, Figure 3-8 and Figure 3-9, 
for low, medium and high wind speeds, respectively, with the initial condition of normal (maximum) OWF produc-
tion, 𝑃𝑃0 = 𝑃𝑃0∗ = 𝑃𝑃ava= 𝑃𝑃MPPT0. Since no other source of additional power is considered, the WTs are overloaded 
whenever the OWF proves onshore FS. The grey curves in each figure correspond to the base subcase, NBase, 
while the signals in magenta and brown represent the subcases with the OWF providing FFR only, by overloading 
the WTs with a different method in each subcase. The External MPPT Method is used in the subcase represented 
by the curves in magenta, NFE-MPPT, whereas the brown signals correspond to the subcase in which the Internal 
Method is applied, NFI. The green curves in each figure depict the provision of both PFR and FFR, overloading 
the WTs with the External MPPT Method, NPFE-MPPT. 
 
The OWF can provide FFR by overloading the WTs (at the expense of a reduction in 𝜔𝜔gen), reducing the ROCOF 
just after the event and the frequency nadir as a consequence, as illustrated in NFE-MPPT. However, the speed 
of such response and corresponding improvement in the onshore FS is limited by the restrictions imposed on d𝑃𝑃WT∗ d𝑡𝑡⁄ . When the overloading is released, 𝑃𝑃 and 𝑓𝑓on are reduced as the WTs recover their speed, producing a 
new under-frequency event with a nadir that can be greater than the original one in NBase, as shown in Figure 
3-8 and Figure 3-9. Moreover, the constraints imposed on d𝑃𝑃WT∗ d𝑡𝑡⁄  worsen the new event by extending its dura-
tion. If, however, the Internal Method is used for overloading the WTs, as in NFI, 𝑃𝑃 follows the reduction in 
𝑃𝑃MPPT�𝜔𝜔gen�, allowing the WTs to fully recover their speed and thus results in no drop in 𝑃𝑃 or 𝑓𝑓on when the over-
loading is released. 
 
As illustrated in NPFE-MPPT, PFR can be added to the FS and the constraint d𝑃𝑃WT∗ d𝑡𝑡⁄ ≥ 0 can be briefly applied 
following the frequency nadir (on which d𝑓𝑓on d𝑡𝑡⁄  changes sign) to further improve the frequency response during 
the overloading period. Such subcase also illustrates the capability of having an overproduction of at least 5% for 
more than 10 s, until the overloading is released. As a consequence, 𝑓𝑓on is increased and maintained at a value 
higher than in the other subcases, at the expense of producing a new onshore under-frequency event with a nadir 
that can be much greater than the original one in NBase. This also shows that the kinetic energy stored in the 
rotating masses of WTs is not sufficient for providing PFR. 
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Figure 3-7: Case 7 – OWF’s response to an onshore under-frequency event (𝑡𝑡 = 0.5s) at low wind speed  
– Overloading released at 𝑡𝑡 = 13s – No Reserves – NBase: 𝑃𝑃� = 𝑃𝑃∗, NFE-MPPT: 𝑃𝑃� = 𝑃𝑃MPPT0 + ∆𝑃𝑃FFR ,  
NFI: 𝑃𝑃� = 𝑃𝑃MPPT + ∆𝑃𝑃FFR , NPFE-MPPT: 𝑃𝑃� = 𝑃𝑃MPPT0 + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR  
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Figure 3-8: Case 8 – OWF’s response to an onshore under-frequency event (𝑡𝑡 = 0.5s) at medium wind speed –  
No Reserves – Overloading released at 𝑡𝑡 = 13s – NBase: 𝑃𝑃� = 𝑃𝑃∗,  
NFE-MPPT: 𝑃𝑃� = 𝑃𝑃MPPT0 + ∆𝑃𝑃FFR , NFI: 𝑃𝑃� = 𝑃𝑃MPPT + ∆𝑃𝑃FFR , NPFE-MPPT: 𝑃𝑃� = 𝑃𝑃MPPT0 + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR 
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3.1.2.2 CURTAILED PRODUCTION 
Figure 3-10, Figure 3-12and Figure 3-11 depict the OWF’s response to an onshore under-frequency event at low, 
medium and high wind speeds, respectively, with the initial condition of preventively curtailed OWF production to 
provide active power reserves of 10%, 𝑃𝑃0 = 𝑃𝑃0∗ = 𝑃𝑃ava − 0.1 pu ⇒ 𝜔𝜔gen0 = 1 pu = 𝑃𝑃MPPT0. The grey and red signals 
in each figure represent the base subcase, CBase, and the subcase with the OWF providing PFR only, CP, respec-
tively. The orange curves in each figure represent the subcase with the OWF providing FFR only by drawing on 
the active power reserves i.e., without overloading the WTs, CF. The last sets of signals in each figure depict the 
provision of both PFR and FFR, overloading the WTs with a different method in each subcase. The External 
MPPT Method is used in the subcase represented by the green signals (Figure 3-11), CPFE-MPPT, whereas the 
blue and yellow curves correspond to the subcases in which the Internal, CPFI, and External Reference, CPFE-Ref, 
methods are applied, respectively. 
 
Tapping into the active power reserves, the OWF’s PFR increases 𝑓𝑓on and maintains it at a higher value for as 
long as the wind allows, as illustrated in CP, also reducing the frequency nadir as a consequence. As depicted in CF, the OWF can also draw on the reserves to provide FFR without overloading the WTs, reducing the ROCOF 
just after the event and the frequency nadir as a consequence; however, the speed of such response and corre-
sponding reduction of the ROCOF is limited by the restrictions imposed on d𝑃𝑃WT∗ d𝑡𝑡⁄ . 
 
Figure 3-9: Case 9 – OWF’s response to an onshore under-frequency event (𝑡𝑡 = 0.5s) at high wind speed –  
No Reserves – Overloading released at 𝑡𝑡 = 13s – NBase: 𝑃𝑃� = 𝑃𝑃∗,  
NFE-MPPT: 𝑃𝑃� = 𝑃𝑃MPPT0 + ∆𝑃𝑃FFR , NFI: 𝑃𝑃� = 𝑃𝑃MPPT + ∆𝑃𝑃FFR , NPFE-MPPT: 𝑃𝑃� = 𝑃𝑃MPPT0 + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR 
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To further improve the frequency response, both PFR and FFR can be combined, and the constraint d𝑃𝑃WT∗ d𝑡𝑡⁄ ≥ 0 
can be briefly applied following the frequency nadir (on which d𝑓𝑓on d𝑡𝑡⁄  changes sign), as illustrated in CPFE-Ref. 
As opposed to CPFE-MPPT and CPFI, the lower value given in this subcase to the base active power reference, 
𝑃𝑃𝑏𝑏ase = 𝑃𝑃∗ = 𝑃𝑃ava − 0.1 pu ≤ 0.9 pu, produces no overloading of the WTs i.e., the active power reserves suffice for 
the provision of both PFR and FFR. If 𝑃𝑃base is set to a high enough value (e.g., 1 pu), the WTs are overloaded and 
the OWF produces more than the available aerodynamic power, 𝑃𝑃ava(𝑣𝑣), at the expense of a reduction in 𝜔𝜔gen, as 
shown in CPFE-MPPT (Figure 3-11) and CPFI. This results in a further reduction of the ROCOF just after the event 
and thus of the nadir. Such reduction is, however, also limited by the restrictions imposed on d𝑃𝑃WT∗ d𝑡𝑡⁄ , making 
such and any further improvement to the onshore FS smaller. What is more significant: 𝑓𝑓on is increased and 
maintained temporarily at a value higher than in CP and CPFE-Ref.  
 
Fixing the value of 𝑃𝑃base at 𝑃𝑃MPPT0 = 1 pu in CPFE-MPPT results in an overproduction of at least 5% for about 10 s 
at high wind speed (Figure 3-11), until the overloading is released. When the overloading is released, 𝑃𝑃 and 𝑓𝑓on 
are reduced as the WTs recover their speed, producing a new under-frequency event with a nadir much greater 
than the original one in CBase. Moreover, the constraints imposed on d𝑃𝑃WT∗ d𝑡𝑡⁄  worsen the new event by extending 
its duration. If, however, the Internal Method is used for overloading the WTs, as in CPFI, 𝑃𝑃 follows the reduction 
in 𝑃𝑃MPPT�𝜔𝜔gen� during the overloading, allowing the WTs to start recovering their speed. Such reduction in 𝑃𝑃 during 
the overproduction period results in a shorter recovery (underproduction) period (after releasing the overloading) 
with much smaller reductions in 𝑃𝑃 and 𝑓𝑓on, as illustrated in Figure 3-11.  
 
  
Figure 3-10: Case 10 – OWF’s response to an onshore under-frequency event (𝑡𝑡 = 0.5s) at low wind speed –  
Reserves: 10% – Overloading released at 𝑡𝑡 = 13s – CBase: 𝑃𝑃� = 𝑃𝑃∗, CP: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR , CF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃FFR ,  
CPFI: 𝑃𝑃� = 𝑃𝑃MPPT + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR , CPFE-Ref: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR 
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Figure 3-12: Case 12 – OWF’s response to an onshore under-frequency event (𝑡𝑡 = 0.5s) at high wind speed –  
Reserves: 10% – Overloading released at 𝑡𝑡 = 13s – CBase: 𝑃𝑃� = 𝑃𝑃∗, CP: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR , CF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃FFR ,  
CPFE-MPPT: 𝑃𝑃� = 𝑃𝑃MPPT0 + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR , CPFI: 𝑃𝑃� = 𝑃𝑃MPPT + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR , CPFE-Ref: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR 
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Figure 3-11: Case 11 – OWF’s response to an onshore under-frequency event (𝑡𝑡 = 0.5s) at medium wind speed –  
Reserves: 10% – Overloading released at 𝑡𝑡 = 13s – CBase: 𝑃𝑃� = 𝑃𝑃∗, CP: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR , CF: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃FFR ,  
CPFI: 𝑃𝑃� = 𝑃𝑃MPPT + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR , CPFE-Ref: 𝑃𝑃� = 𝑃𝑃∗ + ∆𝑃𝑃PFR + ∆𝑃𝑃FFR 
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3.2. ONSHORE POWER OSCILLATION DAMPING 
 
Onshore power oscillations are triggered in the simulations by means of 1% load step changes (i.e., ± 16 MW 1600 MW⁄ ). The damping of such oscillations is decreased mainly by increasing the SG’s AVR propor-
tional gain. The OWF’s response to such oscillations is illustrated in Figure 3-13, Figure 3-14 and Figure 3-15, for 
low, medium and high wind speeds, respectively. Each figure includes a base subcase response, corresponding 
to no contribution from the OWF in the damping of the onshore power oscillation. To improve the response, the 
POD control mode is activated at the next zero-crossing of the onshore power oscillation signal, ∆𝑃𝑃on, after the 
activation of the corresponding flag, 𝐹𝐹POD, at 𝑡𝑡 = 0.3 s. As can be seen in all figures, the damping of the onshore 
power oscillations can be increased by having the OWF modulate 𝑃𝑃 in response to the onshore signals directly 
communicated to it. 
 
 
  
Figure 3-13: Case 13 – OWF's response to an onshore power oscillation at low wind speed 
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Figure 3-14: Case 14 – OWF's response to an onshore power oscillation at medium wind speed 
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Figure 3-15: Case 15 – OWF's response to an onshore power oscillation at high wind speed 
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4. CONCLUSIONS AND RECOMMENDATIONS 
4.1. CONCLUSIONS 
The simulation results suggest that—in principle—the new connection technology doesn't impact the capability of 
OWFs to provide FS and POD to onshore AC networks i.e., OWFs connected to HVDC via DRs can in principle 
provide such services by means of plant-level active power control strategies already developed for OWFs con-
nected to HVDC via VSCs. In response to the corresponding onshore signals directly communicated to them, the 
OWFs can provide POD by modulating their active power output so as to produce damping torque onshore. 
 
Such OWFs can deliver PFR during onshore frequency events, reducing the frequency deviation and maintaining 
it at a lower value for as long as the wind allows, also reducing the frequency nadir/zenith as a consequence. 
Moreover, preventively operating OWFs constantly curtailed can provide the additional active power needed for 
such response during onshore under-frequency events. The minimum production limit (e.g., 2.5%), imposed by 
the non-linear properties of the DRs, may, nevertheless, restrict such capability during onshore over-frequency 
events at low wind speeds.  
 
The OWFs can also provide FFR, reducing the ROCOF just after the frequency event and the frequency na-
dir/zenith as a consequence. Such reduction, however, will be limited by the constraints imposed on the rate of 
change of the WT active power references. To further improve the frequency response, both PFR and FFR can 
be combined, and an additional constraint can be briefly applied on the rate of change of the active power refer-
ence to the WTs following the frequency nadir/zenith, on which the ROCOF changes sign. 
 
By overloading their WTs, the OWFs can provide more than the available aerodynamic power (overproduce) for 
several seconds during an onshore under-frequency event. This, nonetheless, can result in a—possibly worse—
new onshore frequency event during the recovery (underproduction) period. Moreover, it may even be unneces-
sary if active power reserves from curtailed operation are available, as such reserves may suffice for the provision 
of both PFR and FFR. 
 
4.2. RECOMMENDATIONS FOR FUTURE WORK  
Communication delays should be considered in future related studies. Just as similar studies previously con-
ducted for the other connection technologies (i.e., AC, VSC-VSC-HVDC), the studies presented in this report 
should be extended to include several (aggregated) WFs/WTs/strings modelled in more detail. 
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